Energy expenditure varies among people, independent of body size and composition, and persons with a "low" metabolic rate seem to be at higher risk of gaining weight. To assess the importance of skeletal muscle metabolism as a determinant of metabolic rate, 24-h energy expenditure, basal metabolic rate (BMR), and sleeping metabolic rate (SMR) were measured by indirect calorimetry in 14 subjects (7 males, 7 females; 30±6 yr Jmean±SDJ 79.1±173 kg; 22±7% body fat), and compared to forearm oxygen uptake. Values of energy expenditure were adjusted for individual differences in fat-free mass, fat mass, age, and sex. Adjusted BMR and SMR, expressed as deviations from predicted values, correlated with forearm resting oxygen uptake (ml 02/liter forearm) (r = 0.72, P < 0.005 and r = 0.53, P = 0.05, respectively). These findings suggest that differences in resting muscle metabolism account for part of the variance in metabolic rate among individuals and may play a role in the pathogenesis of obesity. (J. Clin. Invest. 1990.
Introduction
Studies ofmetabolic rate in the basal state (BMR)' or over 24 h in a respiratory chamber have shown significant variability among people. Differences in body weight accounted for only part of this variability (1) (2) (3) ; fat-free mass (FFM) was found to be the best determinant of BMR and 24-h energy expenditure (24EE) but accounted for only 60-80% of the variability observed between subjects. Some subjects have BMRs that are > 300 kcal/d above or below the prediction based on their FFM (4) , and it has been recently demonstrated that both 24EE and BMR are familial traits independent of body size and body composition and may be genetically determined (3) (4) (5) . Also, in prospective studies, it has been shown that a reduced rate of energy expenditure is a risk factor for body weight gain (3, 6) . It is unclear, however, what causes the interindividual variability in energy expenditure and what tissues or organs may account for this variability.
The metabolic rate in brain and kidney is constantly sustained and varies very little during the course of the day, whereas skeletal muscle metabolism changes dramatically from resting to maximal physical activity, during which muscle 02 consumption can account for up to 90% of the wholebody oxygen uptake. Because of its relatively low resting energy metabolism (7, 8) , skeletal muscle has often been neglected when trying to explain interindividual differences in metabolic rate. However, because skeletal muscle comprises 40% of body weight in nonobese subjects (9) , the tissue can account for 20-30% of the total resting oxygen uptake (9, 10) . Skeletal muscle metabolism, therefore, might represent an important variable component and a determinant of whole-body resting metabolic rate.
The present study was conducted to explore the relationship between whole-body energy expenditure (over 24 h, in the basal state, or when sleeping), and skeletal muscle metabolism as assessed by forearm resting oxygen uptake. We hypothesized that part of the variability between subjects in wholebody metabolic rate might be related to differences in skeletal muscle metabolism.
Methods
Subjects. 17 Caucasians were admitted to the clinical research ward of the Clinical Diabetes and Nutrition Section of the National Institutes of Health in Phoenix, AZ. Upon admission, all subjects were determined to be in good health by means of medical history, physical examination, electrocardiogram, blood screening, and urine tests. Subjects were not diabetic according to National Diabetes Data Group criteria (1 1). None was taking any medication or had clinical evidence of illness apart from obesity. Subjects were fed a weight-maintenance diet (50% carbohydrate, 30% fat, and 20% protein) (12) . The body density of each subject was determined by underwater weighing (13) with simultaneous measurement of residual lung volume, and percent body fat was calculated according to the Siri equation (14) . Although 17 subjects were admitted for the study, forearm oxygen uptake measurements in three patients were unsuccessful due to technical problems with the catheterization procedure in the forearm. Therefore, results are presented for only 14 subjects. The protocol was approved by the NIDDK Clinical Research Subpanel, and written, informed consent was obtained from each subject. Subject characteristics are listed in Table I .
Energy expenditure measurements. After at least two full days on the metabolic ward, the subjects spent 24 h in a respiratory chamber where energy expenditure and spontaneous physical activity were measured as previously described (15) . No vigorous exercise was allowed in the chamber. Measurements in the respiratory chamber were performed continuously for 23 h from 0800 to 0700 h and extrapolated to 24EE. Sleeping metabolic rate (SMR) was defined as the average energy expenditure of all 15-min periods between 2330 and 0500, during which the duration of spontaneous physical activity did not exceed 1.5% of the time. At 0700 the following morning, 11 h after the evening snack, the BMR was measured with a transparent ventilated hood. After 10 min of adaptation to the hood, the measurement In the present study, the residuals between the measured and predicted values were used as an index of the adjusted energy expenditure. Forearm oxygen uptake. Forearm oxygen uptake was measured in each subject three times at 40-min intervals. At 0730, after an overnight fast, a 20-gauge arterial catheter (Arrow International, Inc., Reading, PA) was placed under local anesthesia in the radial artery of the nondominant arm and kept open by arterial pressure saline microinfusion (Transpac II, Abbott Laboratories, N. Chicago, IL). An 18-or 20-gauge catheter was then placed, retrogradely, in a deep antecubital vein of the dominant forearm and connected to a saline solution for continuous microinfusion. The subject's forearm was supported and kept immobile by pillows. After 40 min of complete rest, direct blood flow measurement across the forearm was obtained with a capacitance plethysmograph (model 2560, UFI, Morro Bay, CA), the cuff of which was placed 5-6 cm below the elbow. 1 min before the blood flow determination, a pneumatic pediatric cuff placed around the wrist was inflated to -150 mm Hg higher than systolic blood pressure, excluding the vascular region of the hand. A second cuff placed proximal to the plethysmograph cuff was then inflated to a pressure of 50 mm Hg to allow blood flow measurement according to the venous occlusion method, as described by Bernstein (16) . Shortly after venous occlusion, the increase in forearm volume monitored by the plethysmograph was prevented for -30-60 s by drawing continuously 20-40 ml of blood from the deep vein in a 60-ml plastic syringe so as to reach a steady state between forearm inflow and forearm outflow. At the end of this flow measurement, before reinfusing the venous blood, venous and arterial blood samples were simultaneously collected and immediately analyzed for total blood oxygen content using a cooximeter (IL482 Co-Oximeter, Instrumentation Laboratory, Lexington, MA). At the end of the test, the forearm volume between the two pneumatic cuffs was measured by water displacement. The hand was first immersed up to the wrist mark and the water was discarded, whereas the water displaced during the second immersion up to the "elbow mark" was volumetrically measured; forearm oxygen uptake (milliliters per minute per I forearm volume) was calculated as: forearm blood flow (milliliters per minute). (arterial 02 content -venous 02 content [milliliters 02 per milliliter])/volume forearm (1). The composition (muscle mass versus nonmuscle mass) of the forearm was assessed with computerized tomography at 1/4, 1/2, and 3/4 of the distance between the elbow and the ulnar styloid process (17) . A computerized measurement of muscle area including other soft tissues was performed by the CT scanner (GEE CTT 9800 46/236955 GI) using a density mask (from + 15 to + 150 Hounsfield units) to highlight muscle tissue in each cross-section. Similarly, total cross-sectional area was also measured using a density mask (from -250 to +3,000 Hounsfield units). We considered that the average surface occupied by muscle in the three cross-sectional slices was representative of the total forearm. Forearm oxygen uptake was also expressed per unit of muscle and nonmuscle volumes.
Calculations and statistical analyses. Data are expressed as mean±standard deviation. Statistical analyses were performed with the procedures of the Statistical Analysis System (SAS, Inc., Cary, NC) (18). Correlations are Pearson product-moment correlations. Regression coefficients were determined with the general linear model procedure.
Results
Energy expenditure. Individual values of 24EE, BMR, and SMR are shown in Table II . The residual energy expenditure (difference between the measured energy expenditure and the energy expenditure predicted on the basis of fat-free mass, fat mass, age, and sex) of the 14 subjects studied varied from -347 to +565 kcalfd for 24EE, from -305 to +416 kcal/d for BMR (Figs. 1 and 2) , and -154 to +235 kcal/d for SMR.
Forearm oxygen uptake. Individual values are shown in Table III . The forearm arterial oxygen content averaged 17.5±1.4 ml/dl blood, with 95% saturation 02 (range, 92-97), and the forearm venous oxygen content was 11.9±1.6 ml/dl blood, with 64% (range, 55-73) 02 saturation. The mean within-subject coefficient of variation of the three measurements in each subject was 1.2 and 6.2% for arterial and venous oxygen content, respectively. The forearm blood flow averaged 29±10 ml/min (range, 13-47) with a mean within-subject coefficient of variation of 10.1%. The mean oxygen uptake per volume of forearm tissue was 1.29±0.35 [ml/(l forearm X min)] (range, 0.68-1.81) with a mean within-subject coefficient of variation of 13.5%.
Forearm oxygen uptake (milliliters per minute) correlated with forearm total volume and forearm muscle volume (r = 0.76, P < 0.002 and r = 0.71, P < 0.005, respectively), but not with the forearm nonmuscle volume (r = 0.35, P = 0.22). However, by multiple linear regression, forearm oxygen uptake was related to forearm muscle and nonmuscle volumes as independent covariates (for model: r2 = 0.61, P = 0.005).
Energy expenditure versus muscle oxygen uptake. The ad-
.justed BMR (expressed as measured -predicted BMR) correlated with oxygen uptake both per volume of forearm (Fig. 1 , r = 0.72, P <0.005) and adjusted for forearm muscle and nonmuscle volumes (Fig. 2 , r = 0.61, P < 0.03). A similar relationship was found between the adjusted SMR and forearm oxygen uptake expressed per volume of forearm or adjusted for muscle and nonmuscle volume (r = 0.53, P = 0.05 and r = 0.57, P < 0.05, respectively). No significant relationship was found, however, between the adjusted 24EE and the forearm oxygen uptake (r = 0.41, P = 0.15 and r = 0.25, P -0.38, respectively). ity observed in venous oxygen content (6%) can be safely ascribed to physiological differences. The forearm blood flow determination had a mean coefficient of variation of 10%. whole-body BMR and SMR Only two subjects (No. 9 and No. 12) had coefficients of variabasis of its low resting metation between measurements exceeding 20%. However, the per gram of resting tissue correlations between forearm oxygen uptake and other variram of kidney or heart tissue ables did not change regardless of whether or not these two ccounts for 40-50% of body subjects were included in the analysis. als (9) and is therefore, quan-
In conclusion, resting muscle metabolism is positively asue mass of the body. If mussociated with the differences in resting energy expenditure obforearm metabolism, oxygen served among people and represents a major determinant of nin per liter of muscle (1.3 the interindividual variation in energy expenditure. Obesity is in our study muscle reprea multifactorial syndrome in which a deficit in resting metalume). Assuming 30 kg skelebolic rate has been shown to play a significant role (3, 6) . oxygen uptake would repreConsequently, people with lower resting muscle metabolism ke, i.e., 30% of whole-body might in fact be at higher risk for sustaining positive energy balance and therefore gaining weight. Several factors might influence the variation in muscle energy expenditure, such as thyroid hormone (perhaps even within "normal" ranges), muscle fiber types, muscle tone, sympathetic innervation, and/or catecholamines levels. Recently, in support ofthe present finding, Wade et al. presented data emphasizing the rela-* tionship between muscle fiber types and body composition * g g * and suggested that muscle fiber type might be an etiological * factor for obesity (20) . Also, Astrup et al. reported that skeletal muscle was the site of part of the facultative thermogenesis in response to carbohydrate feeding via #2-adrenergic receptor stimulation by epinephrine (21) . Emorine et al. also proposed in their report of the "molecular characterization of the human f33-adrenergic receptor" that muscle oxygen uptake can 0 0.2 0.4 0.6 be mediated by the norepinephrine released from the sympaForearm Oxyqee Uptake (ml/miin) thetic innervation via P3-receptors (22) . Taken together, these n Uptake -Predicted Oxygen Uptake) results suggest that skeletal muscle is a potential site for the variability of metabolic rate observed between people.
iLgure I . iI-tLLi1onsnip oeJtween lne aevIlOII oI mie measured IVMIK (kcal/d) from the predicted BMR and the deviation of the measured forearm oxygen uptake (ml/min) from the predicted forearm oxygen uptake calculated accounting for individual differences in forearm muscle and nonmuscle volumes [forearm oxygen uptake (ml/min) = -0.93 + 0.0024 X muscle volume (liters) + 0.0014 X nonmuscle volume (liters), n = 14, r2 = 0.61, P = 0.005). Forearm muscle and nonmuscle volumes were determined by computerized tomography. Correlation coefficients were 0.61 and 0.78 for males and females, respectively.
